Aim: Information about the effects of HMG-CoA reductase inhibitor (statin) treatment on lipoprotein subclasses has been severely limited. Nuclear magnetic resonance (NMR) spectrometry has emerged as a new methodology to quantify lipoprotein subclass concentrations. In the present study, we attempted to evaluate the hypolipidemic effects of atorvastatin utilizing this method. Methods: Twenty-six patients were administered with atorvastain 10 mg daily for 4 weeks. Lipoprotein subclasses were measured by nuclear magnetic resonance (NMR) spectroscopy. Inflammation markers, including C-reactive protein (CRP), interleukin-6 (IL-6), and monocyte chemotactic protein-1 (MCP-1), were also determined. Results: Additional to a marked reduction of LDL-C ( 43%), atorvastatin treatment significantly decreased TG , RLP-C, apoC-, apoC-, and apoE by 27%, 49%, 25%, 15%, and 28% , respectively. NMR analysis revealed marked reductions of all LDL subclasses, resulting in a significant reduction of LDL particle number as well as an increase in LDL particle size. Further, some VLDL were decreased and HDL particle size was increased by atorvastatin. Among inflammation markers, MDA-LDL and IL-6 were marginally to significantly decreased. Conclusion: In addition to a strong LDL-C lowering function, atorvastatin exerts beneficial effects on TG-rich lipoproteins and inflammation in hypercholesterolemic patients. , 2009; 16:51-56. 
Introduction
An increased level of low-density lipoprotein (LDL) cholesterol (C) is an established risk factor for coronary heart disease (CHD). The clinical benefit of LDL-C-lowering therapy using HMG-CoA reductase inhibitors (statins) has been well documented, contributing to the management of dyslipidemia in the current guideline 1) . At present, several statins varying in LDL-C-lowering potency are available, thus provid-methodology in hypercholesterolemic subjects are largely unknown.
In the present study, we therefore attempted to investigate the effects of atorvastatin on lipoprotein subclass metabolism in hypercholesterolemic patients utilizing NMR methodology. We further assessed the potential effects of atorvastatin on inflammatory markers.
Methods
Twenty-six hypercholesterolemic patients were studied. Eligibility criteria included age between 40 to 75 yr, body mass index (BMI) less than 30 kg/m 2 , and fasting LDL-C values ≥ 140 mg/dL both at screening and at the end of the run-in period. None of the study subjects had poorly controlled diabetes (defined as HbA1c ≥ 8%) or evidence of thyroid, liver, or renal dysfunction and none were taking lipid-modifying medications. Four patients experienced effort angina. All subjects were instructed to maintain their diet, exercise, and alcohol intake throughout the study period. The study was approved by the Ethics Committee of Jikei University School of Medicine and study subjects gave written informed consent. After a 4 − 8 week run-in period, 26 patients received atorvastatin 10 mg for 4 weeks. Fasting plasma was obtained prior to and at the end of the treatment, and then lipids, apolipoproteins, and other biochemical parameters, including remnant-like particles (RLP)-C, malondialdehyde-modified LDL (MDA-LDL), high sensitivity (hs) CRP, interleukin (IL)-6, and monocyte chemotactic protein (MCP) 1 were measured. Frozen plasma was shipped to LipoScience, Inc. (Raleiph, NC) for proton NMR analysis 6) , as we previously reported 7, 8) . This new method is based on the signals emitted from methyl group protons of lipids, which were then calculated by the linear least-squares method to quantify lipoprotein subclass lipid concentrations (TG for VLDL, C for IDL, LDL, and HDL subclasses). Sixteen subclasses were simultaneously measured: six VLDL subclasses (VLDL6 150 70 nm, VLDL5 70 10 nm, VLDL4 50 10 nm, VLDL3 38 3 nm, VLDL2 33 2 nm, VLDL1 29 2 nm), 4 LDL subclasses (IDL 25 2 nm, LDL3 22 0.7 nm, LDL2 20.5 0.7 nm, LDL1 19 0.7 nm), and 5 HDL subclasses (HDL5 11.5 1.5 nm, HDL4 9.4 0.6 nm, HDL3 8.5 0.3 nm, HDL2 8.0 0.2 nm, HDL1 7.5 0.2 nm). For correlation analysis of NMR-defined lipoprotein subclasses with apolipoprotein, inflammation markers, large (VLDL5, 6), intermediate (VLDL3, 4), and small (VLDL1, 2) VLDL were employed. Likewise, large, intermediate, and small LDL and HDL represent LDL3 (HDL4, 5), LDL2 (HDL3), and LDL3 (HDL1, 2), respectively. LDL and HDL particle concentrations (nanomoles per liter) are calculated as the sum of LDL subclass concentrations, including IDL for the former and the sum of HDL subclasses for the latter. Average lipoprotein particle sizes were determined by weighting the mass percentage of each subclass by its diameter.
The apoE phenotype was determined by immunoblotting using a specific goat anti-apoE polyclonal antibody, as reported previously 9) .
Changes in biochemical parameters with atorvastatin treatment were analyzed by the paired t-test. Among lipid parameters, TG showed a skewed distribution, therefore; logarithmically transformed TG values were used for comparison. The distribution of LDL size (pattern A and B) was tested by the chisquare test. Pearson's correlation coefficients were calculated to examine the relationship between lipid parameters. A p value 0.05 with a two-tailed test was considered significant. All statistical procedures were performed using SPSS software (version 9.1, SPSS Inc., Chicago, IL).
Results
Baseline characteristics of the study subjects, and lipid and lipoprotein concentrations at baseline and treatment are summarized in Table 1 . The study subjects, consisting of 16 men and 8 women, were on Values are the mean SD, except percent values. p 0.01 p 0.001 average 55 years old and had an average BMI of 23.7 kg/m 2 . The percentages of hypertension, diabetes, and current smokers were 35%, 19%, and 15%, respectively. Except for four patients, all were free from coronary artery disease evidenced by clinical symptoms, electrocardiogram, or laboratory data abnormalities. ApoE phenotypes were mostly E3/3, except for three subjects with E4/3 and one subject with E4/4. Plasma lipids and lipoproteins concentration at baseline and atorvastatin treatment are also listed in Table 1 . The mean total cholesterol, TG, HDL-C, and LDL-C were 288, 159, 62, and 195 mg/dL, respectively, thus representing moderate to severe hypercholesterolemia. In addition to the marked reduction of TC ( 32%), LDL-C ( 43%), apoB ( 34%), atorvastatin further decreased TG, RLP-C, apoC-, apoC-, and apoE by 27%, 49%, 25%, 15%, and 28%, respectively. In contrast, HDL-C, apoA-, and apoA-did not show significant changes by atorvastatin.
Effects on lipoprotein subclass parameters by NMR are summarized in Table 2 . In general, atorvastatin reduced VLDL subclasses, in particular VLDL2 and VLDL4 concentrations, with a concomitant increase in VLDL1 and VLDL6. Overall, their alterations enlarged the average VLDL particle size. Although not significant, IDL decreased by 29%, a finding consistent with the 49% reduction of RLP-C. Atorvastatin significantly reduced all LDL subclasses with greater % reductions in smaller particles (LDL3 29%, LDL2 41%, LDL1 54%), thus resulting in a significant reduction of LDL particle number (1,802 to 1,086 nmol/L, p 0.001) as well as a significant increase in the average LDL particle size (21.0 to 21.2 nm, p 0.05). The latter change, however, did not translate into a reduction of pattern B relative to pattern A (31 to 23%, p 0.53). Atorvastatin caused a modest effect on HDL subclass metabolism. A relatively large HDL, HDL4, significantly increased by 30%, thus resulting in a significant increase in the average HDL particle size (9.25 to 9.34 nm, p 0.05).
Next, we correlated % changes in LDL, HDL particle size and number with those in lipid parameters in order to gain insights into factors determining the sizes and numbers of these lipoproteins. As shown in Table 3 , changes in LDL-C (TC) positively correlated with changes in the particle number of both LDL and HDL without any influence on particle size. Changes in remnants, represented by RLP-C, strongly and negatively correlated with particle size in both LDL and HDL. Changes in HDL-C seemed to positively correlate with changes in HDL size (r 0.386, p 0.052) and number (r 0.361, p 0.070). Changes in LDL size showed a strong and negative correlation with changes in LDL particle number, but a positive correlation with changes in HDL size. In contrast with LDL, there was no correlation between changes in size and number within HDL.
Effects of atorvastatin on inflammation markers are summarized in Table 4 . MDA-LDL was significantly decreased by 35%. Most inflammatory markers, except for MCP-1, showed modest to moderate non-significant reductions by atorvastatin. It is also worth mentioning that IL-6 showed a 27% reduction, which marginally failed to reach a statistically significant level.
Finally, we performed correlation analysis of % changes in lipoprotein subclasses with those in apolipoproteins and inflammation markers. As summarized in Table 5 , apoA-tended to correlate negatively with small LDL (p 0.07). apoB was significantly and negatively correlated with large and intermediate VLDL, whereas positively with small VLDL. apoE showed an inverse correlation with large HDL. Among inflammation markers, hs-CRP was found to negatively correlate with intermediate VLDL and IL-6 positively with small VLDL. Further, MDA-LDL showed a strong, positive correlation with small LDL.
Discussion
The present study is the first to investigate the effects of atorvastatin on lipoprotein subclass metabolism utilizing NMR methodology in hypercholesterolemic patients. Our NMR analysis demonstrated that atorvastatin markedly decreased all LDL subclasses, in particular, smaller LDL subclasses. This fraction, namely small dense LDL, is more atherogenic than other LDL subclasses due to its increased susceptibility to oxidation and glycation, resulting in lower binding capacity to the LDL receptor and retention in the extracellular matrix which is eventually taken up by macrophage via a scavenger receptor; therefore, it is conceivable that a qualitative change in favor of a shift to buoyant LDL, together with quantitative change (marked reduction in LDL particle number), by atorvastatin synergistically exerts a strong anti-atherogenic function. Furthermore, we found that some VLDL subclasses were decreased by atorvastatin treatment. This finding, together with the reductions of plasma TG, RLP-C, apoC-, apoC-, and apoE, can be interpreted as indicating that atorvastatin has a favorable effect on TG-rich lipoprotein metabolism. Although there are no previous studies to which our NMR data can be directly compared, the predominant reduction of dense LDL subclasses is supported by other NMR studies using patients with hypertriglyceridemia with 10) or without 11) hypercholesterolemia. Indeed, in vivo kinetic studies demonstrated the decreased production as well as increased clearance of VLDL, an observation consistent with the inhibition of VLDL secretion via the strong inhibition of HMG-Co reductase activity and increased direct uptake by an up-regulated LDL receptor 12, 13) . Cardioprotective HDL is heterogeneous in size and apolipoprotein composition, which would, in turn, affect atherosclerosis differently; for example, large HDL, but not small HDL, is a predictor of cardiovascular risk [14] [15] [16] . In this context, atorvastatin may exert a cardioprotective effect by increasing large HDL (HDL4).
Correlation analysis provides interesting insights into whether, if so how, changes in particle number and size in LDL and HDL associate with those in other lipid parameters. LDL and HDL size are negatively correlated with TG-rich lipoprotein metabolism, in particular RLP-C, demonstrating that improved TG-rich lipoprotein metabolism by atorvastatin results in the increased particle size of both LDL and HDL. Increased TG-rich lipoproteins cause increased CETPmediated lipid exchange with LDL which, in turn, becomes smaller with the hydrolysis of transferred TG by hepatic TG lipase. The parallel change between LDL and HDL size supports this mechanism since CETP-mediated lipid transfer of TG-rich lipoproteins should simultaneously occur with both LDL and HDL. Next, reduction of LDL-C was found to be significantly associated with the reduction of LDL and HDL particle numbers, but not size. Although the exact mechanisms for the reduction in HDL particle number along with LDL-C reduction are unclear, this may share a common mechanism by which a high dose of atorvastatin causes HDL reduction, thus deserving future study with a larger sample size. Among changes in NMR-defined lipoprotein subclasses, it is of note that small LDL negatively associated with apoA-, again indicating metabolic linkage between LDL and HDL. small LDL also positively correlated with MDA-LDL, thus supporting that MDA-LDL reasonably represents atherogenic small dense LDL metabolism.
Inflammatory markers, in particular IL-6, were There are some limitations to the present study. First, it lacks a placebo-control group to which the atorvastatin group can be directly compared. We therefore installed a run-in period to maintain the steady state throughout the study period. Nonetheless, a placebo-control study should be carried out to draw a solid conclusion in the future. Second, the treatment duration was relatively short (4 weeks). In this regard, our results are considered to be short-term effects which may be different from long-term effects. Third, our sample size may not be large enough to draw confident conclusions; thus, detailed analysis, including correlation analysis, should be interpreted with caution.
In summary, the results of the present study demonstrated that, in addition to its potent LDL-lowering effect, atorvastatin effectively improved atherogenic TG-rich lipoprotein profiles by reducing remnants, which, in turn, enlarged the LDL/HDL particle size. Further, some inflammation markers were inhibited by atorvatstatin treatment; therefore, atorvastatin may provide a benefit for hypercholesterolemic patients who are at increased risk for coronary heart disease.
